Abstract -The exponentially increasing demand for highspeed wireless links can be only efficiently satisfied with the development of future XG wireless communication networks, based on higher carrier signal frequencies, starting from 100 GHz. In this contribution, a circularly polarized G-band leakywave fed lens antenna with an integrated dielectric grid polarizer is presented, which can fulfill the challenging requirements for these future XG networks. A design is proposed in low dielectric permittivity material with a feed matching better than -10dB over a 44% of relative bandwidth. The circularly polarized lens aperture efficiency is higher than 75% over a 35% relative bandwidth, with an axial ratio lower than 3dB. Analytical tools have been applied to optimize the lens aperture efficiency, validating the results via full wave simulations. A lens prototype has been now fabricated and is currently being measured.
I. INTRODUCTION AND SCENARIO
The increasing demand in the number of simultaneous high-speed wireless connections, as well as the expectations in the quality of these links, in order to support new applications such as virtual reality, 3D photos and videos, and high definition, is leading already to a revolution in the conception of wireless communications systems. Signal processing techniques, which are until now the only strategy to increase the system data rates, are reaching a saturation point which makes it necessary to explore new alternatives in order to further improve wireless system performances. By moving the RF system frequency to higher bands, the link can profit from a larger available RF bandwidth, and so increase the maximum achieved through-put. In [1] an innovative, power-efficient base station architecture for a football stadium scenario, based on a compact system at D-band was proposed. The system is capable of providing 80.000 spectators with 12 Tbps of total capacity, which could be translated in a data rate of 150 Mbps per user. The base station consists of a single, central 3D elliptical lens antenna array containing 1500 transceivers. These establish fixed communication links with each of the 1500 cells in which the stadium is divided, on a SDMA/FDMA scheme. Each transceiver supports a semiduplex 8Gbps-link, covering a cell of around 50 users. Inside every cell, the users are assigned a certain time slot (TDD), bringing this multiplexing scheme to a high system adaptability in case of variable number of users per cell. In order to achieve the claimed capacity, antennas with 34 dB of gain with at least 24 GHz of bandwidth have been considered. The use of lens antennas allows us to reach these high antenna directivities avoiding the losses in feeding networks, which would be extremely high in these high frequency bands. Indeed, the optimization of the aperture efficiency for these lenses is crucial, as every dB lost in spillover, reflection, ohmic loss or taper efficiency has a direct impact in the base station achieved data-rate and/or its efficiency in terms of power consumption.
Broadband high aperture efficiency can only be reached in elliptical lenses by avoiding total reflection areas along the entire frequency band. The feeding antenna should therefore illuminate the lens with very symmetric patterns and optimum taper at the edge of the lens. In most of the reported works, the lenses are fed efficiently over a narrow band, using double slot antennas [2] or patches [3] . Although other works present well matched and stable phase center over a very wide band, the reported aperture efficiency is low [4] . In [5] a matching technique is presented for an integrated open waveguide primary source. It achieves 30% relative bandwidth using a small air pocket etched off the dielectric. The reported sidelobe level is however almost -10dB as a consequence of the poor illumination of the lens. In [6] a Leaky-Wave Antenna (LWA) based on a resonant air gap was proposed as a promising solution to act as lens feeders, because of its high directivity, symmetric pattern, compactness, low profile and compatibility with silicon fabrication processes. As the proposed resonant LWA is radiating into a dense dielectric medium, the achieved relative bandwidth is enhanced w.r.t. standard leaky wave or Fabry Perot antennas. Low dielectric permittivity (ε r ) materials represent a good candidate to fabricate lens antenna arrays, due to their low loss, light weight and cost-effective manufacturing through processes such as injection molding or 3D printing. The large bandwidth achieved when illuminating the lenses with a LWA feed turns them into a good compromise for our scenario, in terms of RF performance.
In the pursuit of the highest wireless link efficiency, the use of circularly polarized antennas on both the terminal and base station is an additional improvement, as the loss due to polarization misalignment is significantly reduced. Many polarizer concepts have been presented in the low GHz (up to 30 GHz), based mainly on PCB multi-layer designs, such as [7] and [8] . These reach bandwidths up to 35%, keeping a high efficiency. However, the use of very thin metal printed structures makes them impossible to fabricate in standard PCB technology for frequency bands higher than 100 GHz. In terahertz bands, metal grating polarizers have been introduced in [9] , based on the reflection of orthogonal polarizations with 90° of phase shift. They present a narrow bandwidth and cannot be integrated into a lens antenna, resulting in a bulky solution, especially if multi-beams are needed. In optic frequency ranges, dielectric grating polarizers are fabricated in materials such as Ge [10] or Si [11] , by means of lithographic etching processes. Those are based on the transmission of orthogonal polarizations with 90° of phase shift. Their efficiency and bandwidth are compromised due to the high reflections in the air-polarizer interface caused by their high ε r . Nevertheless, this approach represents the best starting point for our requirements, which can be met again by lowering the material ε r . Basing on this concept an optimized polarizer has been designed to be integrated inside the plastic lens ( Fig. 1c and Fig. 6a ).
This document focuses on the analysis and design of lowdensity elliptical lenses with integrated circular polarizers, illuminated by resonant LWAs, for broadband wireless communication applications. The goal is to maximize the aperture efficiency over a large frequency band, minimizing as well the axial ratio (AR).
II. LENS FED BY RESONANT LEAKY-WAVE ANTENNA
In this section, the LWA feeder concept and its performance radiating in an infinite dielectric medium are presented. The results for a lens illuminated by the LWA are shown as well, being both optimized with the goal of maximizing the aperture efficiency over the whole frequency band.
A. Resonant LWA concept
The physical phenomenon exploited in resonant LWA is the excitation of a pair of nearly degenerated ‫ܯܶ‬ ଵ ‫ܧܶ/‬ ଵ leakywave modes [12] . These modes propagate in a resonant cavity by means of sub-critical multiple reflections between the ground plane and the dielectric (Fig. 1a) , increasing the antenna effective area and thus its directivity. This type of LWA generates also an undesired spurious ‫ܯܶ‬ leaky-wave mode, conceptually associated with the ‫ܯܧܶ‬ mode of the perfectly conducting walls parallel plate waveguide. This undesired mode does not radiate in broadside direction, and therefore can degrade the beam shape. The effect of the ‫ܯܶ‬ can be reduced by using a double slot opening in a ground plane (Fig. 1b) as proposed in [13] [14] . Moreover the double slot parameters also strongly affect the symmetry of the patterns, and as a consequence the aperture efficiency. Thus including the analytical model of the double slot in the overall analysis allows us to optimize the antenna performance over a broad band. The primary fields (inside the dielectric) are evaluated by using an asymptotic evaluation of the SGF [15] with an infinite dielectric super-layer and the Fourier transform of the currents on the double slot iris, as described in [16] . 
B. Feed and lens optimization
The eccentricity of a dielectric elliptical lens is defined exclusively by its material √ ߝ , as ݁ = 1/ √ ߝ . Such lenses are characterized by an intrinsic critical angle ߠ after which the energy coming from the ellipse focus suffers from total reflection. In order to achieve high reflection efficiency, only the lens region above ߠ should be illuminated (top half of the ellipse). ߠ depends exclusively on the dielectric ε ୰ , and increases for higher values of ε as ߠ = tan ିଵ ඥε − 1. Thus lenses with lower ε ୰ need to be illuminated with more directive beams than denser lenses. In order to maximize the aperture efficiency, ߟ , the lens should be truncated at an angle ߠ ௗ < ߠ (Fig. 1c) .
The feed geometry is optimized in terms of coupling to the lens and impedance matching to a waveguide, in order to achieve the optimum lens ߟ . The slots position in z-direction with respect to the lens focus, Δ‫,ݖ‬ and the ellipse truncation angle, ߠ ௗ , represent the parameters in this optimization (Fig.  1c) . ߟ is calculated by evaluating the lens antenna in reception as described in [17] . The power received by the antenna can be related to the field correlation between the primary field and the field incident on the lens, over a sphere surrounding the feed (see Fig. 1c ). The field incident on the lens ݁ ⃗ ிை (ߠ, ߶) can be evaluated analytically as derived in [18] . This technique allows us to obtain the lens ߟ for a known primary pattern, Δ‫ݖ‬ and ߠ ௗ , with no need to perform the secondary pattern computation, which is more timeconsuming. The procedure is described in more detail in [16] . This efficiency ߟ ிை includes the taper efficiency ߟ ୲ୟ୮ , the spillover efficiency ߟ ௦ and the reflection efficiency ߟ . The only parameter which is not covered is the impedance matching of the antenna, which is evaluated via full-wave electromagnetic commercial software. With this procedure, the parameters Δ‫ݖ‬ and ߠ ௗ can be optimized applying an iterative process.
C. Linearly polarized lens performance
In this section the simulation results of a G-band LWA (݂ = 160GHz) illuminating a lens with a diameter ‫ܦ‬ = 16ߣ and ߝ = 2.32, are presented. The final geometrical values of this optimized double-slot iris are set to α =65.5 deg, ߩ =0.48 ߣ and ‫ݓ‬ =0.27 ߣ . Fig. 2 shows the feed radiation pattern and phase at ݂ , while Fig. 3a shows the maximum feed directivity over frequency. In both cases there is a good agreement between analytically computed results and full wave validation on CST. The maximum variation of the directivity over the entire frequency band is around 1 dB. Fig. 3b shows the comparison of the PO and full wave simulated reflection coefficient (including multiple reflections) in EMPIRE-XPU which is lower than -10dB over the whole operational bandwidth.
PO and full-wave simulations with EMPIRE-XPU have been performed for the lens together with the LWA, in order to validate the optimization and with the aim of obtaining the lens far-field radiation patterns. Fig. 4a shows the comparison between aperture efficiencies calculated using these two methods and the FO approach. In Fig. 4b the secondary patterns are displayed at ݂ . The good agreement between the PO and full-wave patterns proofs that the multiple reflections and possible spillover do not have any significant impact on the lens antenna far fields, due to the lens low ε r . Fig. 5a shows the comparison between the gain calculated with the PO, and the full-wave directivity and gain simulated in EMPIRE-XPU. The maximum ohmic loss in the entire band is about 0.5dB at 220GHz. Fig. 5b shows the fabricated lens prototype.
III. INTEGRATED DIELECTRIC GRATING POLARIZER

A. Concept and unit cell design
Dielectric grating polarizers are based on the transmission of orthogonal polarizations with 90° of phase shift. The gratings are present only in one axis, generating anisotropy in the structure effective ε r , which is higher for the polarization aligned with them. If a linear polarized field impinges the polarizer with a polarization rotated 45° with respect to the polarizer grid, the field can be decomposed in two orthogonal polarized waves in phase, parallel and perpendicular to the gratings (Fig. 6a) . These components experiment different phase shifts when propagating along the polarizer, reaching 90° and so originating circular polarization in the transmitted wave.
As the polarizer will be integrated inside the lens, it seems convenient to use the same plastic material to fabricate both. In addition, low ε r materials improve significantly the reflection properties of the polarizer, enhancing in this way its efficiency and AR bandwidth. However, the ε r anisotropy is weaker for lower ε r , as the difference between the maximum and minimum possible effective ε r (around 2.5 and 1, respectively) is low. As a consequence, gratings with large height, h (Fig. 6c) , are required to achieve the aimed 90° phase shift between the orthogonal components. On the other hand, the unit cell width or period, w (Fig. 6c) , should stay small enough to avoid the appearance of grating lobes. These conditions result in a unit cell aspect ratio, h/w, higher than 7, which represents a big challenge in terms of cost-effective fabrication. Our strategy is to divide the unit cell height in four pieces (Fig. 6b) , lowering in this way the h/w significantly, and fabricate them separately applying a milling technique. In addition, the gratings adopt pyramidal or roof geometry. This form not only provides the grid with mechanical stability, but also represents a smooth transition between air and the plastic material characteristic impedances. This fact enhances the polarizer reflection properties further, achieving in this way larger bandwidths. On top of that, the milling process is facilitated, as this geometry matches the also pyramidal milling tool cross section. A polarizer grating plate has already been fabricated with this technique in plastic material, with satisfactory results (Fig. 6c) . 
B. Circularly polarized lens
A first design for a polarizer integrated inside a lens with ‫ܦ‬ = 16ߣ and ߝ = 2.5 has been carried out. The polarizer is optimized with means of FW simulations with EMPIRE XPU, following an iterative process. The first optimization is performed for broadside incidence with a single unit cell, using periodic boundary conditions. From this we extract the initial value for h. As a second step, the full polarizer is optimized embedded inside the lens (Fig. 6a) , where the AR and aperture efficiency lens far-field are calculated for the full model. In this configuration, the LWA illuminates the polarizer with significant amplitude in ߠ incident angles between broadside and 40° (Fig. 2a) . The unit cell AR, optimized as a first step only for broadside incidence, experiments frequency shifts for obliquus incident angles. The lens far-field AR is the result of the integration of the polarizer AR for the full range of incident angles, weighted by the LWA illumination amplitude taper. By adjusting h, the lens AR is finally centred in the targeted frequency band, achieving a 3dB AR with 35% bandwidth (Fig. 7a) . The FW simulated lens ߟ (including ߟ ୲ୟ୮ efficiency ߟ ௦ and ߟ ) is higher than 75% for the whole frequency band (Fig. 7b) .
IV. CONCLUSION
In this work, broadband high-efficiency designs for linear and circularly polarized elliptical lenses fed by resonant leakywave antennas have been presented. The circular polarization is achieved by integrating a dielectric grating polarizer inside the lens, reaching in this way a very compact approach. A design with a lens and polarizer in plastic material has been reported, achieving an aperture efficiency higher than 80% over a 44% of relative bandwidth for the linear polarized lens, and an aperture efficiency higher than 75% with axial ratio lower than 3dB over a relative bandwidth of 35% in case of the circularly polarized lens.
